A novel endogenous retroviral sequence (ERV-9) has been isolated from a human embryonal carcinoma cDNA library by hybridization to a probe containing a recently described human repetitive element. DNA sequence analysis of the 4kb cDNA insert (pHE.1) revealed the presence of ORFs potentially coding for putative retrovirus-related gag, pol and env proteins. Northern blot and RNase protection experiments showed that RNA homologous Jo the pHE.1 Insert is detected only in embryonal carcinoma cells as a 8 kb mRNA, and its expression Is negatively regulated during retinolc acid induced differentiation of the human teratocarcinoma cell line NT2/D1. Using a pol specific probe we have isolated a genomic locus containing the ERV-9 sequences. Characterization by restriction enzyme analysis and DNA sequencing allowed us to define LTR-like sequences, that are composed by a complex array of subrepetitlve elements. In addition we show that ERV-9 LTR sequences are capable to drive expression of linked CAT gene in a cell specific manner as LTR promoter activity has been detected only in NT2/D1 cells.
INTRODUCTION
Analysis of gene regulation during early mammalian embryogenesis has been greatly aided by the availability of the embryonal carcinoma (EC) cell system, and by the ability to clone genes that are differentially expressed during development. The human EC cells NT2/D1 represent a subclone of the teratocarcinoma cell line TERA-2, which irreversibly differentiates into multiple cell types, upon addition of retinoic acid (RA) to the culture medium (1) .
The regulation of several cloned genes during retinoic acid (RA) induced differentiation has been reported. For example the expression of the transcription factor AP-2 and some homeobox genes has been recently shown to be enhanced upon differentiation of NT2/D1 cells (2, 3, 4) , whereas the expression of the transcription factor Oct-3 (5,6) and the K-fgf proto-oncogene (7) is restricted to the undifferentiated embryonal carcinoma cells. In addition, Pol II and Pol HI transcripts derived from repeated sequences are often much more prevalent in EC cells than after differentiation (8, 9) . Moreover, we have recently identified cDNA clones containing a novel class of repetitive sequences that are predominandy expressed in undifferentiated NT2/D1 cells, and whose expression is negatively regulated upon RA induced differentiation. Nucleotide sequencing of the cloned cDNAs indicated that the transcriptional units are composed by a complex array of repeated DNA elements with no obvious open reading frame (10) .
To further define the nature of these transcriptional units we have analyzed additional cDNA clones. The characterization of the longest clone, pHE.1, revealed the presence of repeated elements in the 3' terminal portion; moreover, sequences containing ORFs potentially coding for putative retroviral proteins gag, pol and env, extend to the 5' portion of pHE. 1 cDNA clone. However, clone pHE. 1 contains nucleotide substitutions and deletions that introduce stop codons or changes in the reading frames. The pHE.1 sequences differ from the reported human endogenous retroviral sequences (11 -19) , defining a new family of endogenous retroviral sequences that we have named ERV-9. Using the pol region as probe we have isolated genomic clones, and here we report the characterization of one member of the ERV-9 family. Restriction enzymes analysis and DNA sequencing revealed the presence of long LTR-like sequences that are composed by a complex array of the sub-repetitive elements present also in previously described cDNAs (10) .
Human genome contains multiple copies of endogenous retroviral sequences (HER) related to mouse and primate retroviral sequences. Several human endogenous provirus homologous to mammalian B, or C retrovirus, or unidentifiable retroviral proviruses have been isolated and characterized (11 -19) . Despite the abundant occurrence of HER elements their functional significance is yet not known. In murine cells transposition of endogenous retrovirus-like elements have been implicated in both gene inactivation (by insertion mutagenesis) (20, 21) and in gene activation (22, 23) . Rearrangements involving HER members may contribute to alterations in human gene expression.
Transcriptional studies indicate that at least one member of the the ERV-9 family is transcribed in the embryonal carcinoma cell line NT2/D1, and its expression is negatively regulated during in vitro induced differentiation. Using sensitive RNase protection experiments we fail to observe detectable ERV-9 expression in a variety of cell lines of different embryological derivation. In addition we have shown that ERV-9 LTR sequences are capable to drive expression of linked CAT gene and the promoter activity has only been detected in NT2/D1 cells. These findings suggest that the tissue-specific expression of ERV-9 sequences might be due to regulatory sequences present within the LTR sequences.
MATERIALS AND METHODS

Cell Cultures
The cloned human EC cell line NT2/D1 was mantained in high glucose Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Differentiation was induced by seeding cells at 5x 10 5 per 75 cm 2 flask in 10" 5 M retinoic acid (alltrans, Sigma Chemical Co.). Cells were refeed every 4 days with RA-containing medium and analyzed after 14 days as previously described (3) (4) . Briefly the EC stem cell markers SSEA-3, SSEA-4 and TRA1-60, and two antigens ME311 and A2B5 which are expressed in EC-derived differentiated cells, were analysed using the corresponding monoclonal antibodies. Undifferentiated cells, as monitored by immunochemical staining, decrease steadily after the addition of RA and are <2% after 7 days of treatment. The cell lines used in transfection experiments and for the preparation of RNA were obtained from the American Type Cell Collection.
DNA and RNA analysis
Total RNA was extracted by the guanidine-isothiocyanate technique, selected for poly (A) + by one passage on a oligo(dT) cellulose column according to standard procedures, run in 3 /zg aliquots on 1% agarose-formaldheyde gel and transferred to nitrocellulose filter. The blot was hybridized to DNA probe labelled by random priming to a specific activity of 5 X10 8 cpm//tg in a buffer containing 50% formamide, 5XSSPE, 5 X Denhardt's, 0.1 % SDS and 100 ^g/ml salmon sperm DNA. The filters were washed under stringent conditions (0.1 xSSC, 0.2% SDS at 65°C for 2 h) and exposed to Kodak XAR-5 film for 3 days. RNase protection analysis was performed on 20 /xg of total RNA. The pol specific probe Bglll-BamHI (nt. 1390-1600) and a 84 bp long probe from the 3'-end non coding region of the human /3-actin gene (4, 24) were subcloned in pGEM vectors (Promega Biotec.) and antisense strand RNA probes were synthesized with Sp6 polymerase. RNase digestion and electrophoresis on 7% urea/polyacrylamkle gels were carried out as described (4) . Southern blot analysis was performed using human DNA isolated from peripheral blood lymphocytes. The blot was hybridized to the pol specific Bam HI fragment from nt. 1190 to nt. 1600 and the probe was labelled by the multiprime labelling kit (Amersham) to a specific activity of 5X1O 8 cpmJ/ig. The filter was washed under stringent conditions (0.1 XSSC, 0.2% SDS at 65°C for 60 min) and exposed to Kodak XAR-5 film for 2 days.
DNA library screening and DNA sequencing
The cDNA library from undifferentiated human teratocarcinoma cell line NT2/D1 was kindly provided by J. Skowronsky. 3X1O 5 plaques were screened with the 3'-end portion of the cDNA pTR2 (10) under stringent conditions. The longest cDNA clone (pHE.l) was further analyzed after subcloning in pGEM plasmids. The DNA sequences were determined using progressive deletions made by the ExoEQ-Sl nucleases, using the Erase-a-Base System (Promega, Biotec). DNA sequencing was determined by the dideoxynucleotide chain termination method using the Sequenase kit (United States Biochemical Co.). The sequences of both strands were determined. Nucleotide sequencing data were analyzed using the MicroGenie Sequence Analysis Program software (Beckman). Genomic clones were isolated after screening with a pol specific probe (Bglll-BamHI nt. 1390-1600) a lambda Fix human lung fibroblast genomic library (Stratagene). 10 5 plaques were screened and 20 randomly choosen positive plaques were isolated. The recombinant phage XFixl.l was further analyzed by restriction enzymes analysis and DNA sequencing of relevant regions was performed after subcloning of appropriate fragments in pGEM-3 plasmid.
Plasmid constructions and CAT assays
The expression vectors pRSV-CAT, and p8-CAT-0 have been previously described (25, 26) . The pRl-CAT was constructed by inserting the PvuII-Hindin fragment present in the 5' LTR sequences of the genomic clone XFix 1.1 in the Sma-HindlH sites of p8-CAT-0. The pHE.l cDNA 3' LTR was first isolated as a PVuII-EcoRI fragment and cloned in pGEM-3; then, since this LTR had functioned to polyadenylate transcripts, it terminated in a poly A tail which was removed by exonuclease III, and subcloned in pGEM-3 plasmid. The 3' LTR sequences were then isolated by digestion with PvuII and a second enzyme (HindHT) specific of pGEM-3 plasmid and this fragment was inserted in both orientation in the HindHI site of p8-CAT-0 via HindlU linkers. The two CAT plasmids were named pHEl-CAT (5'-3' orientation) and pHE2-CAT (3'-5' orientation). DNA transfection was performed by calcium phosphate precipitation using subconfluent cell cultures. Cell extracts were isolated 44 hours after transfection and assayed for CAT activity using 200/xg of total proteins extract. The products of reaction were chromatographed by ascending TLC and quantitated by scintillation counting. Experiments were repeated 5 to 8 times and average percentage conversion values determined.
RESULTS
Sequence analysis of pHE.l cDNA clone
In the course of characterizing human cDNA clones containing repeated sequences we have screened the NT2/D1 cDNA library with a probe corresponding to the repeated elements present in the previously described clone pTR2 (10) . The longest isolated cDNA clone, pHE.l, has been further analyzed and the entire nucleotide sequence is reported in Fig 1. The portion of pHE. 1 from nt 3314 to the end of the clone is identical to the 3'-end portion of the cDNA clone pTR2 (10), and contains both a polyadenylation signal and a poly A tail. This fragment does not appear to code for proteins due to the presence of numerous termination codons.
Computer-assisted comparison of the pHE. 1 sequences to all sequences contained in the GenBank and EMBL databases indicated various extents of homologies to retroviral regions coding for the gag, pol and env proteins, and it was evident that the pHE. 1 sequences are part of a novel human endogenous retroviral family, that we have named ERV-9, accordingly to the Human Gene Mapping nomenclature.
To determine a possible functional relationship between pHE. 1 sequences and the human retroviruses, the predicted amino acids sequences were analyzed. The assignment of putative retroviral protein coding regions has been based upon alignment of deduced amino acids sequences with those of MoMLV, AKV, and both human endogenous and exogenous retroviruses. Termination codons or point deletions causing reading frame shifts are present in pHE. 1 clone. Adjustments for nucleotide deletions were made to mantain a reading frame possessing colinear amino acid homology with human retroviruses. The sequences present in the Eco Rl-Smal fragment (nt. 1 -444 Fig 1) are potentially capable to code for the amino terminal portion of a putative gag protein. The primary translation product of the gag gene is a polyprotein eventually cleaved into virions core structural proteins (27) . One of these is a nucleic acid binding protein (NBP) structurally characterized by the presence of one or multiple adjacent copies of the amino acid motif CX2CX4HX4C (28) . A similar motif is present in the amino terminal part of the gag protein in pHEl (nt. 223 to nt. 264). The bona-fide gag-pol junction in clone pHE. 1 could be identified by the presence of the nearly identical deduced amino acids Asp-End-Gly-Leu-Gly in both pHE. 1 and the reported human retroviral sequences HRVC (15) .
The DNA sequences from nt.450 to nt.2715, (Fig.l) appear to code for a putative pol protein although termination codons have been found. In Fig 2 is reported the homology of a large domain of 210 amino acids between pHE.l and human retrovirusespol proteins. The 210 amino acids domain is centred on the six motifs that have been recently reported to be conserved with the same linear arrangement in the pol proteins encoded by mammalian retroviruses (29) , and it has been proposed that this domain is a prerequisite 'polymerase module' of a RNA dependent polymerase. The 210 amino acids long domain of the pHE. 1 pol protein contains the appropriate amino acids residues to fit with those identified as invariant residues in viral reverse transcriptases (29) (Fig 2) .
Between nt.2848 and nt.332O (Fig.l) an open reading frame potentially coding for an env protein has been found, although two stop codons are present. The putative pHE. 1 env protein displays an evident (45%) homology to the human retroviruses env proteins. The sequences from nt. 2715 to nt. 2848 did not show any significant homology to retroviral sequences.
Transcriptional analysis of the human endogenous retroviral sequences
Treatment of NT2/D1 cells with retinoic acid results in the loss of the undifferentiated phenotype, and the cells go through differentiation into specific cell types, including neurons. Transcription of the pHE. 1 corresponding locus was studied by Northern blot analysis of Poly-A + RNA samples derived from NT2/D1 cells either untreated or seven days after RA exposure. The Northern blot was hybridized to the 410 bp Bam HI fragment located within the pol region (Fig. 1) . As shown in Fig. 3 (panel  A) , the pol probe clearly detected a 8 kb message in undifferentiated NT2/D1 cells, and RA treatment of NT2/D1 cells results in a lower expression. We studied the time course of pHE.l expression during NT2/D1 differentiation, by RNAse protection assay performed on total RNA from cells at 0, 3, 5 and 7 days after exposure to retinoic acid. The RNAs were hybridized to a 210 by pol specific probe together with a 3'-end 0-actin probe as internal control (Fig. 3, panel B) . The results clearly indicated that the pHE. 1 transcript is negatively regulated during retinoic acid induced differentiation.
Examination of the pHE. 1 transcript in various human cell lines of different embryological derivation by RNase protection experiments revealed the presence of ERV-9 RNA expression in NT2/D1 cells whereas the RA-treated NT2/D1 cells synthesize a relatively low, although detectable, level of ERV-9 RNA (Fig  4. lanes 14 and 15,respectively) . Using RNA derived from placenta ( Fig. 4 lane 23) we observed many protected fragments of different sizes all smaller than the expected 210 bp RNase protected fragment. Since it has been previously reported the expression of endogenous retroviral sequences in placenta Figure 6 . Restriction enzyme mapping of the proviral ERV-9 sequences in XFix 1.1. The arrows correspond to sequenced regions of gag, pol and env regions. (34, 35) , it is possible that the smaller protected RNase fragments are due to the expression of pHE. 1 related retroviral sequences.
The experimental data reported in Figs. 3 and 4 suggest that the pHE.l ERV-9 sequences are preferentially expressed in undifferentiated cells and their expression is negatively regulated upon RA induced cell differentiation.
Copy number and organization of ERV-9 sequences in the human genome
To analyse the organization and copy number of the ERV-9 sequences present in the human genome we performed Southern blot hybridization experiments. High molecular weight DNA from two individuals was digested with restriction enzymes and hybridized to a probe derived from the putative pol region (Fig.5) . Under high stringency hybridization conditions 30 to 40 bands were detected, therefore we estimate the presence of about 35-40 different ERV-9 loci per haploid human genome. A comparable estimate of the ERV-9 copy number was obtained by dot blot and genomic library screening (data not shown). To better define the structure of ERV-9 sequences we have isolated genomic recombinant phages using as a probe a pol specific fragment isolated from pHE. 1. In Fig. 6 is reported the restriction enzyme mapping of one phage, XFixl. 1. The regions hybridizing to gag, pol and env probes are flanked by 1.8 kb long direct repeats whose sequences are reported in Fig.7 . 5' and 3' 1.8 kb repeated sequences show more than 90 percent base matching and they display several characteristic features of mammalian LTR sequences (reviewed in 27, 36, 37). These include a 4-base inverted repeat bordering the two LTRs (TGTG and CACA); a putative TATA box (TGTAA) at nt. 1046 within the U3 region followed by the transcriptional start site, usually GC (at nt. 1080), which defines the beginning of the R region. The R region contains the polyadenylation signal at nt. 1129 followed, 24bp downstream, by the polyadenylation site CA. The remaining LTR sequences constitute the U5 region of about 670 bp. Finally a polypurine tract precedes the 3' LTR and a putative tRNA primer binding site follows the 5' LTR. The PBS sequence present in ERV-9 is highly homologous to the corresponding sequences in ERV-3. (38) . The 1.8kb long LTRs sequences reveal a complex structure composed by tandemly repeated sub-elements. The E element is 41bp long and it is repeated 12 times within the U3 region, whereas the B element is 72bp long and it is repeated 4 times in the U5 region. Similar elements have been found in the 3' and 5' termini of cDNAs previously described (10) , and in the 3'-end of pHE. 1 cDNA. Moreover, preliminary analysis of additional genomic clones indicated that ERV-9 LTR sequences are heterogeneous in length, and the length variation is due to the number of tandemly repeated E and B sub-elements (La Mantia et al., manuscript in preparation and ref 10).
ERV-9 LTR promoter activity
To examine the ERV-9 LTRs functional capacities we have made use of the system in which the bacterial CAT gene can be placed under the transcriptional control of heterologous promoter sequences, and the synthesis of bacterial enzyme assayed in transfected cells (25) . As the viral transcriptional regulatory elements are located within the U3 region, and the transcription start site defines the beginning of R region, fragments containing the U3 and part of the R element from both the genomic 5' LTR present in clone XFixl. 1 and the 3'-end portion of pHE. 1, were cloned in p8-CAT-O vector. The construction of the CAT plasmids used in this analysis is described in the Materials and Methods section. To determine the range and relative promoter activity the plasmid constructs were transfected on HeLa, WI-38 and NT2/D1 cells. The vectors p8-CAT-0 and pRSV-CAT were used as negative and positive controls, respectively. A typical CAT assay is shown in Fig 8. The results clearly indicate that both genomic and cDNA derived LTRs fragments are capable to direct CAT expression only in NT2/D1 cells, although the individual promoter strength is different. The promoter activity is orientation (5'-3') dependent, as the pHE2-CAT is ineffective in all cell lines tested. These data suggest that the tissue specific ERV-9 transcription might results from the activity of the ERV-9 LTR promoter rather than being a consequence of fortuitous integrations of an ERV-9 element in a position adjacent to an embryonic specific gene. Inspection of the LTR regulatory region does not reveal the presence of consensus sequences for any known binding site of embryonic transcription factors, such as Oct3 (5, 6) .
DISCUSSION
The characterization of the cDNA clone pHE. 1 by comparative sequence analysis indicated that the pHE. 1 clone contains sequences potentially capable to code for putative gag, pol and env proteins, thus showing that the cloned sequences correspond to a genomic locus of a novel human endogenous retrovirus that we named ERV-9. Moreover the ERV-9 sequences present in pHE. 1 clone are associated to a repetitive element located at the 3'-terminal portion of the clone (10) . Analysis of a genomic clone indicated that ERV-9 sequences are flanked by repetitive elements at both ends, thus resembling a LTR-like structure. To further define the genomic structure of ERV-9 sequences we are currently analyzing the structure of several genomic loci that have been isolated by hybridization to a pol specific probe (manuscript in preparation). Southern and dot blots experiments indicate that there are about 35 -40 different ERV-9 loci per haploid human genome, therefore the ERV-9 sequences present in the pHE.l clone are members of a repeated family, which is conserved in primates but not in rodents (10, and data not shown). We cannot exclude that other members of this polymorphic family may encode for functional products.
The ERV-9 LTRs sequences have a complex structure composed by tandemly repeated sub-elements. A 41 bp long repeated element (E element) is located within the U3 region, whereas a 72 bp long repeat is present in the U5 region. While structurally similar to known LTRs, the ERV-9 LTRs sequences do not resemble other known LTR sequences, such as the LTRs present in the previously described HERs (11 -19) . Analysis of additional genomic and cDNA clones indicated that ERV-9 LTRs sequences are heterogeneous in length, and the length variation is due to the number of tandemly repeated E and B sub-elements (La Mantia et al., manuscript in preparation and ref 10) .
In this paper we have showed that ERV-9 sequences are preferentially expressed in undifferentiated NT2/D1 cells, as no detectable expression of ERV-9 sequences was found in various cell lines of different embryological derivation, and the ERV-9 expression is negatively regulated during in vitro differentiation of NT2/D1 cells induced with retinoic acid. In addition we have shown that ERV-9 LTR sequences are capable to regulate expression of linked CAT gene only in NT2/D1 cells, indicating that the cell-specific expression of ERV-9 sequences might be determined autonomously by LTR ERV-9 regulatory elements. Human cells contain a complex variety of endogenous retroviral sequences (HER), that have been isolated by hybridization to known retroviral sequences, accidentally found in flanking regions of other genes, or by hybridization to the 3'-end terminus of tRNA (11 -19) . To date the function of the HERs is unknown and conclusive evidences for a direct role of HERs in human diseases have been lacking. Nevertheless, the HERs do not appear to be silent components of the human genome since some of them are transcriptionally active. Polyadenylated HER RNAs have been detected in human placenta, breast carcinoma, and colon carcinoma cells (34, 35) . Moreover the use of cross-reactive antibodies indicates that HER sequences may be expressed at the protein level (39, 40, 41) . Recently, testicular teratocarcinoma cell lines have been shown to release C-type retroviral particles (42) . Rearrangement of members of endogenous retrovirus-like elements in mice have been implicated in both activation and inactivation of gene expression (20) (21) (22) (23) . The myelomonocytic murine leukemia cell line WEHI-3B consitutively produces the growth factor Interleukin-3 due to an IAP insertion 5' of the gene (22) , and transcription has been shown to originate within the LTR. To verify the possibility that rearrangements or activation of ERV-9 sequences may contribute to alterations in gene expression, we are currently screening human genome for genetic rearrangement involving ERV-9 LTRs.
Amplification and dispersion of HER members may be obtained through a mechanism of RNA-mediated transpositon, and amplification and transposition are expected to occur in germ line cells or in their progenitors. It is pertinent to note that the presence of reverse transcriptase activity in NT2/D1 cells has recently been reported (43) . The identification of the ERV-9 mRNA specifically expressed in undifferentiated cells together with the specific promoter activity of ERV-9 LTRs in NT2/D1 cells may substantiate the hypothesis of a transit through a mRNA intermediate.
